Introduction
Condensers are found in numerous industrial applications, such as power plants and water desalination systems, and more compact and effective condensers would reduce the systems' size and weight while increasing power. In order to create improved condensers, fundamental advancements in condensation are needed. Macro-scale condensation has been well documented after over fifty years of study [1, 2] . More recently, smaller diameter channels have been shown to offer higher heat transfer coefficients than macro channels, yet mini-and micro-scale condensation has only been explored for the last ten to fifteen years [3, 4] . Despite larger heat transfer coefficients achieved by researchers at the mini-and micro-scales, few enhancements other than channel shape have been found at the mini-and micro-scale. Dropwise condensation, on external surfaces and in vapor space, offered an order of magnitude enhancement in heat transfer coefficients [5] [6] [7] [8] [9] [10] [11] [12] [13] but has seldom been applied to internal flows. However, promotion of dropwise condensation in internal condensation would reduce condenser size.
Condensation in mini-and micro-channels has garnered great interest over the last decade with an emphasis on refrigerants used for electronics cooling and miniaturized vapor compression cycles. Hydraulic diameter, mass flux, quality, and flow regime have been identified as the governing parameters of filmwise condensation. Heat transfer coefficients have been generally found to increase as diameter decreases at the mini-and micro-scales [14] [15] [16] .
Condensation heat transfer coefficients increased with increasing mass flux and quality [3, 4, [17] [18] [19] [20] , with a few exceptions found at lower mass fluxes [14, 21] . Flow regimes affected condensation behavior; the absence of stratified flow, and the presence of annular flow at the mini-and micro-scales suggested that gravity does not play a significant role in small scale condensation [17, 20, [22] [23] [24] [25] .
Although mini-and micro-scale condensation heat transfer coefficients are higher than those found at the macro-scale, efforts to further enhance condensation heat transfer have focused on channel shape. In non-circular channels, condensate gathers in corners due to surface tension, thinning the liquid film in areas away from corners and enhancing the heat transfer coefficient. However, depending on channel length and other variables, length-averaged heat transfer coefficients in a circular tube may be higher or lower than a rectangular channel [14, 26] .
It was expected that shapes with sharp corners would yield heat transfer enhancements [27] , yet this has not been observed in all studies [28, 29] .
Surface modification, though rarely applied to internal flows, has dramatically enhanced external condensation. Fang et al. [16, 30] studied micro-scale steam condensation in silicon channels coated with self-assembled monolayers, thus creating hydrophobic, hydrophilic, and semi-hydrophobic surfaces. A film wetted the hydrophilic channel walls, while dropwise condensation at the inlet of the hydrophobic channel yielded a slightly (15%) higher heat flux compared to the hydrophilic tube. In contrast, significant enhancement has been found by promoting dropwise condensation of steam on external tubes and plates, which offered heat flux enhancements of 5 to 20 times that of filmwise condensation under the same conditions [5] [6] [7] [8] [9] [10] [11] [12] [13] .
Surface modifications promote dropwise condensation by altering contact angles or lowering surface energies, using methods such as coating with polymers [31, 32] and self-assembled monolayers [33, 34] , altering surface roughness [8] [11, 35] , electroplating [36] , and ion implantation [10] .
There was an apparent tradeoff in two studies which examined the coexistence of dropwise and filmwise condensation on external surfaces; in one study [37] , performance was superior when dropwise condensation existed on top of the tube and filmwise on the bottom, as the disruption of the liquid film by falling droplets enhanced heat transfer. In another study [38] , the best configuration was when filmwise condensation was on the upper part of the flat plate and dropwise condensation was on the lower part, since film rivulets would clean the dropwise condensation surface. Since the majority of heat transfer occurs through the smallest drops in dropwise condensation [39] , droplet sweeping reduces droplet size, thus increasing heat transfer [40] [41] [42] .
As there have been few studies on internal flow condensation enhancement other than channel shape, the objective of this study is to understand the effects of surface modifications on condensation in a mini-gap. Surface modifications promote dropwise condensation, and the condensation enhancement of hydrophobic surfaces is examined.
Experimental Method and Apparatus
In order to achieve dropwise condensation in an internal flow, patterned hydrophobic/hydrophilic surfaces were fabricated in a 1.06-mm mini-gap. Six patterns were selected to test on the basis of analytical modeling. Condensation heat transfer coefficients were measured and tested in an open loop steam experimental apparatus.
Analytical modeling for pattern selection
An analytic model guided the selection of hydrophobic/hydrophilic patterns. The geometry was a mini-gap with specified height, d, and cooled length, L tot ; the channel was cooled on one side and assumed to be adiabatic on the remaining three (Fig. 1) . The cooled length contained both hydrophilic and hydrophobic strips. At a specified quality, it was assumed that all liquid gathered on hydrophilic segments with a specified contact angle β, determined from experiments. The liquid droplet was modeled using a parabola, and the integral of all liquid droplets yielded the total liquid area. Also, the number of hydrophilic strips was specified by the user, and the remaining area was hydrophobic.
The length of the channel occupied by liquid, and thus filmwise condensation, L FWC , was 1 for droplets on N hydrophilic areas of length L droplet , while the length occupied by dropwise condensation was the difference between the total length and filmwise condensation length.
The area occupied by liquid was then related to the void fraction according to: However, as quality decreased, the model showed a significant effect of the number of hydrophilic strips on the average heat transfer coefficient. In Fig. 2 Fewer hydrophilic strips were predicted to be more effective at achieving higher condensation heat transfer coefficients, because the droplets occupied less of the total length, thus exposing more area to the high dropwise condensation heat transfer coefficients.
As a result of this modeling, six surfaces were selected and fabricated: completely hydrophilic (N∞), completely hydrophobic (N=0), and four patterned surfaces (N=1,2,3, and 7).
Hydrophobic/hydrophilic surface patterning
Hydrophilic surfaces promote filmwise condensation, but it was hypothesized that hybrid wafers, and created using a lithography and deep reactive ion etching process. A method was successfully developed to create patterned surface, detailed in Derby [46] .
Test section design
The condensation test section ( Fig. 7 ) consisted of two parts: an interchangeable coupon which was joined to a heat flux measuring base; steam flowed through a 0.56 mm by 9.6 mm mini-gap channel (hydraulic diameter 1.06 mm) machined into the coupon's top surface.; a large surface area was available for patterning. The mini-gap coupon was joined to the base with high thermal conductivity indium and indium-silver 0.05 mm thick solder ribbon preforms (Indium Corp. of America) and aligned with Teflon alignment pins.
The test section was designed to accurately measure heat flux, wall temperature, quality, and fluid temperature. Unlike boiling experiments, where heater power can be easily obtained, heat flux measurements in condensation are difficult [47] . "Heat flux was measured in three distinct measuring segments ( Fig. 8) , by five 0.8-mm diameter sheathed thermocouples in each segment, installed in 1-mm diameter wholes with a thin layer of thermal grease. The temperature gradient was calculated over a maximum transverse distance of 32 mm, and
Fourier's law was utilized to measure heat flux [28, 48] .Wall temperatures were measured directly via three thermocouples installed in the coupon itself. For single-phase flow, fluid temperatures were determined indirectly through a series of energy balances on the test section;
in the same manner, quality was determined from a series of energy balances for two-phase flow.
For two-phase flows, the inlet pressure and pressure drop across the test section were measured;
pressure was determined at the center of each measuring segment using a linear pressure drop model, and the fluid temperature was calculated to be the saturation temperature for that pressure.
Steam entered and exited the mini-gap through a stainless steel cover plate at an angle of Teflon to prevent galvanic corrosion. Cooling was provided at the heat flux measuring base by an aluminum plate heat exchanger, and thermal grease was applied the interface. The entire test section assembly was compressed by six bolts in order to seal and promote good thermal contact between parts.
Apparatus
An open loop ( 
Experimental Procedures
Tests were run at steady state conditions. First, cooling water flow rates were set in the test 
Data Reduction
For single-phase and two-phase flows, segment-averaged heat transfer coefficients were found using the expression
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Wall temperatures were measured in the coupon by thermocouples installed 1 mm below the channel. The heat transfer rate in each column was calculated assuming one-dimensional conduction (confirmed through numerical modeling of the copper block),
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where k was the conductivity of oxygen-free copper, W was the width of the block, L seg,i was the length of the column segment, and dT/dy i was the temperature gradient in each measuring segment, with i=1 for the inlet segment, i=2 for the middle segment, and i=3 for the exit segment. The channel heat flux was 8 where was the three-sided heat transfer surface area of the channel.
For single phase validation, the test section energy balance obtained using the copper heat flux sensors and the temperature gradient to calculate heat flux,
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where was the total heat transfer rate from the copper block through the gradient measurement method, including segment-averaged heat transfer rates and ; the first and third segment included the additional inlet and exit header areas, respectively. In single-phase validation, the total heat transfer rate from the copper block was compared to the enthalpy change of the cooled liquid water.
Uncertainties
A propagation of uncertainty analysis was conducted to estimate the uncertainty in condensation heat transfer coefficients [49] , qualities, and other quantities.
The average quality across each measuring segment was obtained through a series of energy balances. Beginning with the pre-condenser, the steam cooling rate was determined from the cooling water energy balance, incorporating heat losses; validation experiments showed that the measured cooling water heat transfer rate underpredicted the steam-side heat transfer rate by an average of 2.9%. Cooling water and steam mass flow rates were obtained using a weigh tank and stopwatch, so the uncertainty in both mass flow rates depended on measured mass, , and time, , and was incorporated into the uncertainty analysis; the uncertainty in mass measurement was assumed to be ±1 g, larger than the accuracy of the scale (Citizen CT-8000H), and the uncertainty in time measurements was assumed to be ±1 s . Uncertainties in subsequent energy balances were calculated, yet uncertainties in average test section qualities were low, of the range ± 0.01 to 0.03.
Uncertainties in condensation heat transfer coefficients were found using a propagation of uncertainty analysis [49] and are detailed in Derby [46] . The uncertainty of the thermal conductivity, wall temperature, and thermocouple location were ± 8 W/mK, ± 0. 
Results and Discussion

Single-phase validation
Single-phase experiments, conducted to validate the experimental apparatus for subsequent condensation results, compared test section energy balances from the gradient method to overall fluid energy balances, and evaluated Nusselt numbers for known, laminar flow conditions.
Subcooled liquid entered the test section and was further cooled. The decrease in sensible heat on the fluid side was compared to the total heat transfer rate measured through using Fourier's Law.
Good agreement, with differences of less than 10%, was found between the two energy balances (Fig. 10) , yielding confidence in the test section heat flux measurement method.
Because the length of the first measuring segment was 33 mm, values in the second measuring segment were fully developed. The reported data were for the second measuring segment, as exit and entrance effects, from impinging flow due to the angled inlet and exit, affected the heat transfer coefficients in the first and third measuring segments (but not the energy balances).
Laminar Nusselt numbers were measured with respect to Reynolds number and were compared to laminar flow between parallel plates, as the mini-gap offered a high aspect ratio (width/height=17 (Fig. 11) . Additionally, the cover plate was not actively cooled and well insulated from the environment, similar to the case of parallel plates with one side insulated (Nu=4.86 [50] ). Excellent agreement was achieved between the measured and predicted Nusselt numbers for laminar flow. Combined with the good agreement in overall energy balance, these single-phase validation tests demonstrated that heat transfer coefficients could be accurately measured for condensation heat transfer.
Condensation data
Condensation studies examined the effects of mass flux, quality, and surface characteristics on flow condensation heat transfer behavior in a single channel, without flow instabilities associated with parallel channels. Condensation heat transfer coefficient data were reported from the second measuring segment, which, unlike the first and third measuring segments, was not affected by inlet and exit effects.
Hydrophilic copper mini-gap
Condensation heat transfer coefficients were observed to be a strong function of quality Higher heat transfer coefficients were observed at high qualities in the copper mini-gap (Fig. 12) ; less liquid at high qualities yielded a thinner liquid film, and consequently higher heat transfer coefficients, which varied by as much as a factor of three based on quality alone.
Additionally, there was also an observable increase in heat transfer coefficients with respect to mass flux at higher qualities, especially apparent at mass fluxes of 100 and 150 kg/m 2 s, for which the tested range of quality was largest. A dependence on mass flux was expected and observed, since the heat transfer coefficient typically scales with increasing velocity. Zhang et al.
[19] studied laminar steam condensation between parallel plates (gaps spacing = 3 mm) using FLUENT, and observed shear thinning of the liquid film at higher vapor velocities. The mass flux dependence observed in the copper mini-gap agreed with the findings in the literature [3, 4, 17, 18] , demonstrating that higher shear forces found at higher mass fluxes served to thin the liquid film, thus increasing the heat transfer coefficient.
Comparison with Correlations
Condensation data from the copper mini-gap was compared to correlations by Shah [52] and Kim et al. [53] (Fig. 13 ). The Shah [52] Weber number criteria, developed by Soliman [54] , to determine whether the flow was annular or slug-bubbly; the majority of the present data were within the annular flow regime, and just one out of 26 data points were in the slug-bubbly flow regime. 
Comparison with Teflon-coated surface
Condensation behavior on a Teflon-coated surface differed from the plain copper surface in several notable ways: the heat transfer coefficients were substantially higher, generally in the 300,000 to 400,000 W/m 2 K range, and there was no discernible dependence on mass flux or quality (Fig. 14) . While heat transfer in the copper mini-gap was very sensitive to quality, theTeflon mini-gap appeared insensitive to quality, which suggested that the condensing liquid was forming droplets as in dropwise condensation, instead of a liquid film that would act as a barrier to condensation; combined with the order of magnitude increase in heat transfer coefficient as compared to the hydrophilic copper mini-gap, the data strongly suggested that dropwise condensation occurred on the Teflon-coated surface. It should be noted that there was a clear difference between the performance of the copper and Teflon mini-gaps, although firm conclusions about the effects of quality on the Teflon surface were difficult to draw due to the uncertainties in heat transfer coefficients; higher condensation heat transfer coefficient uncertainties were a consequence of low fluid-wall temperature differences (< 1.0 o C).
Comparison with hydrophobic/hydrophilic patterned surfaces
Condensation heat transfer coefficients were measured for a range of mass fluxes and qualities in each of the hydrophobic/hydrophilic patterns and compared to condensation results for the hydrophilic copper and hydrophobic Teflon-coated surfaces (Fig. 15) . Heat transfer coefficients from the Teflon and all patterned mini-gaps exceeded those found in the copper mini-gap and did not exhibit a strong dependence on quality, unlike the dependence observed with the plain copper surface. The uncertainties for these condensation heat transfer measurements were high as a result of low fluid-wall temperature differences, so differences in heat transfer coefficients between patterned surfaces were on the order of the uncertainties.
With some reservations due to the uncertainties, it appeared that the patterns with the lowest (N=1) and highest (N=7) number of hydrophilic areas yielded the best heat transfer performance. Three of the patterns (N=2, 3, 7) had comparable percent hydrophilic area coverage (Table 1) , and, yet, the results indicated, but did not conclude, that the performance of the N=7 surface was superior. All of these patterns had hydrophilic areas in the corners of the mini-gap, but different widths: 1.10 mm for N=2, 0.91 mm for N=3, and 0.43 mm for N=7. One hypothesis on this difference in condensation heat transfer coefficient behavior is that the surfaces with the larger hydrophilic areas in the corners (N=2, 3) formed growing liquid films in the corners due to surface tension, covering some Teflon coated areas and reducing overall heat transfer rates. Another difference between the surfaces was the lack of branched "on-ramps" in the N=7 case (Fig. 6 ), which could have influenced the condensation heat transfer physics. The results indicated, however, that the condensation phenomenon is not merely a function of hydrophilic area coverage, and there were other factors influencing the condensation process.
To facilitate and quantify the heat transfer enhancement of the patterned and Teflon surfaces, the Teflon and patterned mini-gap data were compared to the copper mini-gap baseline data (Fig. 16) . However, since it was shown that quality was the strongest variable governing condensation for the copper mini-gap, the data were normalized to account for this effect. Simple equations were curve fit to relate heat transfer coefficients and average qualities for each mass flux in the copper mini-gap. For each surface, every data point was compared to the predicted value of the copper surface from the appropriate curve fit, yielding an enhancement factor of h measured /h predicted,Cu (Fig. 16 ). As expected, the copper enhancement factors ranged from 0.95 to 1.02, and centered around 1, which indicated the goodness of the predicted baseline values from the curve fits. The Teflon and patterned surfaces enhanced condensation heat transfer for all cases, and the results indicated that performance improved at decreasing quality; at qualities above 0.5, typical heat transfer enhancements ranged from 3 to 6. Previous modeling (section 3)
suggested that the maximum heat transfer enhancement would be found at lower qualities, and experimentally, enhancements of 4 to 13 were seen at qualities below 0.5. The large condensation heat transfer coefficients observed with the Teflon and patterned mini-gaps further supported the hypothesis that dropwise condensation occurred on these surfaces, mirroring the enhancements found in the literature that dropwise condensation offered enhancements of 5 to 20
that of filmwise condensation [5] [6] [7] [8] [9] [10] [11] [12] [13] .
In contrast to gravity driven external flows, this study examined the effects of hydrophobic and hydrophilic patterns in internal flow where shear forces mattered. Pattern performance would have been superior to that of a fully Teflon coated surface if thick, liquid films accumulated on the entire Teflon surface, but those liquid films could gather on the hydrophilic areas in the hydrophobic/hydrophilic surfaces. Droplet sweeping via shear forces may be affecting the condensation process, hindering liquid film development on the Teflon coated surface. An analytical [40] and experimental study [41] demonstrated the benefit of droplet sweeping in condensation. The presence of droplets, and the absence of a constant liquid film on the condensing surface, is required in order for droplet sweeping to be an important condensing mechanism. Droplet formation, and thus droplet formation, would play a more significant role at higher void fractions were the liquid volume was small relative to the vapor volume, as liquid would not flood or fill the channel. Consequently, void fraction was estimated for the quality range tested using the homogeneous equilibrium model [5] and Lockhart
Martinelli model [2] . Using these models, void fraction was estimated for the lowest and highest mass fluxes tested (Fig. 17) . Since the density of liquid water is three orders of magnitude higher than that of water vapor, void fraction remained high even as quality decreased for all mass fluxes. For all cases, void fraction was above 0.8 for qualities above 0.1, and declined rapidly as quality approached zero. Condensation heat transfer coefficients were measured experimentally from qualities nearing 1 to qualities of around 0.15, and the heat transfer coefficients on Teflon/patterned surfaces did not vary with quality. Over this quality range, the void fraction was high, signifying that the majority of the channel cross sectional area was occupied by vapor, not liquid, and thus it was reasonable to assume that droplet sweeping was occurring.
Conclusions
Flow condensation of steam was studied inside a mini-gap, including the effects of hydrophobicity on promoting dropwise condensation; a hydrophilic copper 1.06-diameter mini-gap was compared to a hydrophobic Teflon coated mini-gap and patterned hydrophobic/hydrophilic mini-gaps were explored over a range of mass fluxes and qualities.
Condensation heat transfer coefficients were measured accurately in a hydrophilic copper mini-gap, 9.6 mm by 0.56 mm, with uncertainties between 5% and 15% at qualities below 0.5, and around 15-25% at higher qualities. It was found that the condensing heat transfer coefficient was a strong function of quality, which signified that a liquid film developed on the condensing 
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